Sensory processing is susceptible to decline with age. The sense of taste is, however, generally thought to be resistant to aging. We investigated how chorda-tympani nerve responses and fungiform-taste pores are affected by aging in the Sprague-Dawley rat, a model system for salt taste. First, we measured chorda-tympani nerve responses to NH 4 Cl and NaCl solutions in young (3-5 months old) and aged (14-15 months old) rats. Aged rats had significantly attenuated chordatympani responses to 0.01, 0.03, 0.1, and 0.3 M NaCl, whereas responses to NH 4 Cl were statistically similar between age groups. Second, we investigated if fungiform papillae, which harbor taste buds innervated by the chorda-tympani nerve, were affected by aging in "young" (4-7 months old) and "aged" ("aged 1 " 18 months old and "aged 2 " 24-28 months old) rats. Using scanning electron microscopy, we found that aging significantly reduced morphological characteristics associated with intact fungiform-taste pores (hillock, rim, pore presence, and open pore). We conclude that the structure and function of the peripheral-taste system may not be as resistant to aging as previously reported.
Introduction
It is generally accepted that sensory acuity diminishes with age. Decline in visual (Owsley 2011) and auditory (Quaranta et al. 2014) acuity are the most commonly accepted sensory deficits associated with aging, but changes in olfaction (Attems et al. 2015; Martel et al. 2015) and somatosensation (Guergova and Dufour 2011) also occur. Compared to other sensory systems, taste does appear to be robust, such that when age-related effects are detected they are small and variable (Mistretta 1984; Schiffman 1997) . In humans, the effect of aging on taste perception is often explored by comparing threshold sensitivity and supra-threshold intensities for different taste stimuli. Reports vary on the degree of taste decline in older subjects (Mojet et al. 2001 ), making it difficult to ascertain whether taste sensitivity in human subjects generally decreases with age. Reported effects range from no detectable decline (Cohen and Gitman 1959; Kaplan et al. 1965) , to a change to only certain taste modalities (Hermel et al. 1970; Hyde and Feller 1981; Weiffenbach et al. 1982; Bartoshuk et al. 1986; Cowart 1989) , to a general decline in taste perception (Cooper et al. 1959; Fikentscher et al. 1977) .
The variability in human-taste perception may be related to anatomical differences in fungiform papillae amongst individuals within the population (Pavlidis et al. 2013) . In humans, sensitivity of the 4 basic-taste qualities is associated with the density of fungiform papillae and number of taste pores (a small opening in the epithelium where taste solutions make contact with microvilli on taste-receptor cells) (Miller and Reedy 1990) . Fungiform morphology, vascularization, and density at the tip of the tongue are associated with thresholds for "electric taste" (Pavlidis et al. 2013) . Interestingly, the morphological features associated with intact fungiform papillae decrease with increasing age along with an increase in detection thresholds for "electric taste" (Pavlidis et al. 2013) . Therefore, there appears to be a relationship between the structural morphology of taste papillae and taste acuity.
Rodents are model systems for chemosensory processing. Longterm changes in the rodent-taste system have been described and, consistent with the human literature, are thought to be less extensive than changes that occur during early development. Obvious physiological changes in the rodent-gustatory system occur from birth to post-natal day 45, where NaCl-taste responses from the chordatympani nerve (CT), which is exquisitely sensitive to salts, increase in magnitude (Hill et al. 1982; Hendricks et al. 2000) . Responses to NaCl increase during this period as ion channels within taste cells traffic to the apical membrane (Hendricks et al. 2000) . Relatively few neurophysiological studies in rodents have addressed prolonged alterations in the taste system after maturity, and the results between the few studies are inconsistent. For example, while some rodent studies have reported significant changes in salt taste with age (McBride and Mistretta 1986; Osada et al. 2003; Narukawa et al. 2017) , others have reported no significant changes in salt taste with age (He et al. 2012; Inui-Yamamoto et al. 2017) . Additionally, there appears to be a discrepancy regarding whether the number of fungiform-taste papillae that contain a taste bud changes with age. Using light microscopy in Fischer 344 rats, Mistretta and Oakley (1986) showed that aging significantly decreased the number of fungiform papillae containing a taste bud (5.3% decline, a small but statistically significant finding), whereas He et al. (2012) reported that aging did not significantly decrease the number of fungiform papillae containing a taste bud (a nonsignificant 27% decrease). Discrepancies in results between studies have provided us with an impetus to investigate the structure and function of the peripheralgustatory system from another perspective.
The most distinct feature on dorsal surface of fungiform taste papillae is the taste pore, a small opening on the apical surface of papillae. An open taste pore is critical for gustatory function as it allows taste stimuli to interact with the microvilli on the apical ends of taste receptor cells. The pore is formed by layers of desquamated keratinocytes that surround the circular opening. In hamsters, the taste pore is most often centered on the surface of an elevated region of epithelial tissue called the hillock (Parks and Whitehead 1998) . Surrounding the cone-shaped hillock are the edges of peripheral keratinocytes, which form a feature called the rim (Parks and Whitehead 1998) . Like humans (Miller and Reedy 1990; Pavlidis et al. 2013 ), rat's salt-taste performance is associated with the number of papillae with open pores (St. John et al. 1995) . We are unaware of any studies that have investigated whether the defining morphological features (ultrastructural characteristics) of fungiform-taste papillae change within aged rats.
This report uses whole-nerve electrophysiology and scanning electron microscopy (SEM) to investigate peripheral changes in the gustatory system associated with aging. Because the rat CT nerve is most sensitive to salt stimuli, we addressed whether functional changes in salt-taste responses could be used as "probes" to identify whether the peripheral-taste system was undergoing physiological decrements. We chose to use NH 4 Cl and NaCl, because neurons that are broadly tuned to salts and acids respond robustly to NH 4 Cl with pronounced phasic responses, whereas those narrowly tuned to NaCl are weakly responsive to NH 4 Cl and do not have phasic responses to NH 4 Cl (Breza and Contreras 2012a ). Furthermore, we tested the CT nerve with a range of NaCl concentrations (0.01-0.3 M) as low concentrations of NaCl exclusively activate the NaClspecialist pathway, whereas high concentrations of NaCl recruit the nonselective, acid-generalist pathway (Geran and Spector 2000; Chandrashekar et al. 2010; Breza and Contreras 2012b) .
We showed that responses to NaCl decrease as early as 14-15 months of age in a commonly used laboratory rat-SpragueDawley. Using SEM, we also confirmed that the number and distribution of fungiform papillae do not change with age (Mistretta and Oakley 1986; Mistretta 1989) . We did, however, find that ultrastructural characteristics associated with intact taste pores (hillock, pore, and rim), as defined by Parks and Whitehead (1998) , are found less frequently in aged rats (18-28 months) compared to young rats (4-7 months).
Materials and methods
All procedures were performed in accordance with, and approved by, the Institutional Animal Care and Use Committee at Eastern Michigan University.
Animals
Adult male Sprague-Dawley rats (Harlan-now Envigo) were housed in plastic cages in a temperature-controlled colony room on a 12:12-h light-dark cycle with lights on at 07:00. Food (Purina, 5001) and tap water were provided ad libitum. For neurophysiological studies, animals were split into 2 groups: "young" 3-5 months, (n = 7) and "aged 1 " 14-15 months, (n = 6). For morphological studies, animals were split into 3 groups: "young" (4-7 months; n = 11), and "aged 1 " 18 months (n = 7); and "aged 2 " 24-28 (26) months (n = 5). Young rats weighed between 350 and 435 g and aged rats weighed between 500 and 615 g. All rats were aged in the Eastern Michigan University vivarium.
Surgery
Rats were anesthetized with urethane (1.5 g/kg body wt), tracheostomized, and secured in a custom-made brass head holder (J.M. Breza), which could be rotated for the nerve dissection. The whole CT nerve was exposed by a mandibular approach, transected proximally, and desheathed for recording. Each rat's tongue was gently extended and held in place by a suture attached to its ventral surface. Body temperature was maintained at 37°C with a custom-made (Paul Hendrick; FSU) heating pad and temperature controller.
Neurophysiology
The CT nerve was cut near its entrance into the tympanic bulla and draped over a platinum wire hook (positive polarity), and the entire cavity was then filled with high-quality paraffin oil (VWR) to isolate the signal from ground and maintain nerve integrity. An indifferent electrode (negative polarity) was attached to the skin overlying the cranium with a stainless steel wound clip. Neural activity was differentially amplified (alternating current X 10 000; A-M Systems, bandpass 300-5000 Hz), observed with an oscilloscope, digitized with waveform hardware and software (Spike 2; Cambridge Electronic Design), integrated using the root mean square (RMS) method (500 ms time constant), and stored on a computer for offline analysis.
Stimulus delivery and stimulation protocols
Solutions were presented to the tongue at a constant flow rate (100 µl/s) and temperature (35 ± 0.3°C) by an air-pressurized, 32-channel commercial, fluid-delivery system, and heated perfusion cube (OctaFlow; ALA Scientific Instruments). We chose to deliver solutions to the tongue at 35°C as this is the surface temperature of the tongue (Green 1984) , and this is generally where responses from CT neurons of Sprague-Dawley rats (Ogawa et al. 1968; Contreras 1997, 1999; Lyall et al. 2004; Lyall et al. 2005; Breza et al. 2006 ) and mice (Lyall et al. 2004; Lyall et al. 2005; Ohkuri et al. 2009; Lu et al. 2012; Lu et al. 2016) peak. The presentation of each stimulus was signaled to Spike 2 by square waveforms produced by the fluid-delivery system. All solutions and pharmacological reagents were reagent grade and purchased from Fischer Scientific or Sigma Aldrich. Artificial saliva (AS; in mM: 15 NaCl, 22 KCl, 3 CaCl 2 , and 0.6 MgCl 2 ) served as the rinse solution and solvent for all stimuli. We tested CT-nerve responses to 5-s applications of 0.3 M NH 4 Cl and 0.01-0.3 M NaCl to access salt sensitivity.
Data analysis
We used several methods to analyze CT-nerve responses to each taste stimulus, which are depicted in Figure 1 . For consistency with previous studies Contreras 2012a, 2012b ) using nearly identical experimental conditions, we analyzed the area under the Figure 1 . Raw electrophysiological traces (A) from the chorda tympani (CT) nerve from a young (4 months) and aged (15 months) rat in response to NH 4 Cl and NaCl. Five seconds stimulus presentations are indicated by horizontal bars under the nerve recordings. Nerve recordings with similar NH 4 Cl magnitudes were chosen so that the relative reductions of NaCl with age are apparent. As shown, responses to NaCl in the aged rat are attenuated relative to NH 4 Cl responses at the beginning and end of recording sessions. (B) Shows the methods for how data were quantified from raw recordings (25 s of data shown). Rinse and stimulus presentations (0.03 M NaCl in this example) were signaled by abrupt changes in voltage on the "stimulus" channel. Vertical cursors were used to calculate the baseline (5-s period), onset of the neural response, peak response, tonic response, and end of the 5-s stimulation. The onset of the neural response (C) was determined by an obvious increase in neural activity in the raw nerve signal (Raw CT-time scale 500 ms). The response latency (209 ms in this example) was determined by subtracting the onset of the neural response from the voltage deflection of the stimulus valve. Y axes are in volts, X axes are in seconds.
curve (AUC) for the 5-s integrated-nerve response. To do this, a 5-s period of baseline activity immediately prior to each stimulus was used to calculate the AUC for the integrated (RMS) 5-s response during stimulation by way of vertical cursors in Spike2 (area of the 5-s response -area of baseline). The onset of the neural response was determined by detecting the onset of neural activity in the raw-data channel (non-integrated response; See Figure 1 for details), which allowed for millisecond resolution.
The peak of the integrated-neural response was detected automatically via Spike2 with a vertical cursor and the voltage at the peak was subtracted from the mean voltage of the 5-s baseline immediately prior to each stimulus (see Figure 1B) . The latency of neural-response onset to the peak of the integrated response was determined and used to calculate the slope for each taste stimulus. Tonic responses were measured 4.5 s after neural-response onset (via vertical cursor in Spike2; see Figure 1B ) and, as with peak responses, this voltage was subtracted from the mean baseline voltage. This time period (4.5 s) was chosen because it preceded the valve switch from stimulus to rinse, and eliminated any possibility of rinse solutions mixing with stimuli and confounding the magnitude of the tonic response. In all cases, the latency from the onset of the stimulus valve opening (detected automatically by Spike2) to the onset of the neural response was less than 450 ms.
We also normalized the raw 5-s AUC, peak, and tonic responses to each NaCl stimulus to analyze the ratio of NaCl responses relative to NH 4 Cl. Normalized responses were calculated for each stimulus by dividing each NaCl response by the average 0.3 M NH 4 Cl (responses to 0.3 M NH 4 Cl at the beginning and end of the protocol) response. For 5-s AUC responses, each response was normalized to the average 0.3M NH 4 Cl response. Peak and tonic responses to NaCl were normalized to the average peak and tonic responses to 0.3M NH 4 Cl, respectively. Consistent responses (criteria ± 10%) to 0.3 M NH 4 Cl at the beginning and end of the protocol were indicators of nerve integrity and recording stability. Two-way RM ANOVA's were used to compare raw and normalized NaCl responses (AUC, peak, tonic, slope, latency of the stimulus valve opening to the onset of the neural response, and the latency to peak response) from young and aged rats (Statistica; StatSoft). Planned comparisons between subjects were analyzed using contrast coefficients. Independent t tests were used to compare raw responses to 0.3 M NH 4 Cl (AUC, peak, tonic, latency of the stimulus valve opening to the onset of the neural response, latency to peak response, and slope) in young and aged rats to assess whether responses changed with age. Paired t tests were used to indicate whether responses to NH 4 Cl and NaCl were statistically different from baseline and to access the stability of the recordings (NH 4 Cl responses-AUC, peak, tonic, latency of the stimulus valve opening to the onset of the neural response, latency to peak response, and slope). P < 0.05 served as criteria for statistically significant effects. For transparency, the exact P values were reported for significant and nonsignificant effects, so that these values could be related to effect size analyses (Cohen's d) . Effect size, using the Cohen's d method [d = (x 1 − x 2 )/SD pooled ] was used to supplement inferential statistics in order to indicate the magnitude of differences for each comparison. By convention, the effect sizes of 0.2, 0.5, and ≥0.8 are used to indicate small, medium, or large effects (Cohen 1992) . Effect sizes can also be calculated from the individual T and F tests (Thalheimer and Cook 2002) . Graphic and tabular data are presented as means ± standard error of the mean (SEM).
Tissue and scanning electron microscopy
Rats were first anesthetized with isoflurane and then injected with an overdose of urethane (>1.5 g/kg). Animals were transcardially perfused using 7.2 pH 0.1 M phosphate-buffered saline (PBS) containing 0.05 mM EDTA, immediately followed by a fixative containing 4% paraformaldehyde (PFA) in PBS. Tongues were removed and post-fixed in 4% PFA for 10 min under vacuum (10 Hg) and then overnight at 4°C. Posterior portions of the tongue were cut off, leaving approximately 6 mm of the anterior tongue. The anterior tongues were then washed with PBS and dehydrated using a graded series of ethanol from 50, 70, 90, to 100% successively for 10 min in each concentration. Dehydration was completed with two 10 min washes of hexamethyldisilazane (HMDS) and an overnight period to off-gas. While this protocol is brief, the lingual epithelium was sufficiently dehydrated. This protocol has been used in our facility on animal tissues more than a millimeter thick and resulted in highquality specimens in the current study (Winning et al. 2001 (Winning et al. , 2002 . Each specimen was mounted to a graphite tape-covered metal stub and sputter coated in gold with an SPI module sputter coater 12151 (Structure Probe, Inc.). Tongues were examined using an Amray 1820 Digital Image Scanning Electron Microscope (AMRAY) with an acceleration voltage of 5 kV. Micrographs were captured as tiffs (SEMtech) and stored on a computer for analysis.
Morphology and analysis
A grid containing 1 mm 2 sections was placed over whole-tongue micrographs. On each tongue five 1 mm 2 sections containing the highest density of fungiform papillae were selected to be analyzed. Papillae within the selected area were scored on 4 criteria, 3 of which have been reported previously (Parks and Whitehead 1998; Sollars et al. 2002) . First, on the apical surface of the fungiform papilla, a continuous rim of keratinocytes that surrounds a protrusion (Parks and Whitehead 1998) . Second, the presence of the protrusion, called a hillock (Parks and Whitehead 1998) . Third, the presence of a taste pore-a noticeable depression with smooth edges in the apical surface of the hillock (Parks and Whitehead 1998) . In many cases, these pores were partially occluded and/or not obviously "open," consistent with what Parks and Whitehead (1998) referred to as having "shallower channels" in denervated papillae. This prompted us to establish a fourth category to delineate pores that were unmistakably "open," characterized by having "deep channels." For each animal, we scored the percent papillae that had a 1) rim, 2) hillock, 3) presence of a pore, and 4) presence of an open pore. The percent values were arcsine transformed (St. John et al. 1995; Marks et al. 2009 ) and one-way ANOVAs were used to compare each of the 4 categories among age groups: young (4-7 months), aged 1 (18 months) animals, and aged 2 animals (24-28 months). P < 0.05 served as criteria for statistically significant effects. The exact P values were reported for significant and nonsignificant effects, so that these values could be related to effect size analyses (Cohen's d) . Planned comparisons between subjects were analyzed using contrast coefficients. As with neurophysiological data, Cohen's d (Cohen 1992 ) was used as a supplement to inferential statistics in order to indicate the magnitude of differences for each comparison. Effect sizes can also be calculated from the individual F tests (Thalheimer and Cook 2002) . Graphic data are presented as means ± standard error of the mean (SEM). Figure 1A are typical responses from a young rat (4 months) and an aged rat (15 months). We chose to show nerve responses from a young and aged rat that had similar response magnitudes to NH 4 Cl in order to more accurately depict relative changes to NaCl with age. As shown in the raw traces, CT-nerve responses to NaCl (0.01-0.3 M) in aged rats are noticeably smaller than those in young rats, relative to the standard stimulus-0.3 M NH 4 Cl. Figure 1B is an example response (NaCl 0.03 M in a young rat), showing how each response component (neural onset, AUC, peak, and tonic) was measured with vertical cursors. Figure 1C shows how the onset of the neural response was determined by using the raw (nonintegrated) response. The latency of the stimulus valve opening to the onset of the neural response (response latency) was determined by vertical cursors in Spike2 (shown in Figure 1C) . A vertical cursor automatically detected the change in voltage as the valve opened, and the onset of the neural response was subtracted from the onset of the valve switching from rinse to stimulus.
Results

Neurophysiology
Shown in
Response latency and latency to peak
Shown in Table 1 are the average response latencies to NH 4 Cl and NaCl and latency to peak in young and aged rats. There were no significant differences in response latency to neural onset for any of the taste stimuli within or between groups. Average responses to NH 4 Cl between young and aged rats were not significantly different [t(11) = 0.94, P = 0.370, d = 0.5]. The average response latencies to NaCl were not significant between young and aged rats [F(1,11) = 0.88, P = 0.368]. There was, however, a tendency for increased response latency to NaCl (see Table 1 ), and the effect sizes for each comparison were medium to large: 0.01 M NaCl, d = 0.7, 0.03 M NaCl, d = 0.8, 0.1 M NaCl, d = 0.9, and 0.3 M NaCl, d = 1.0 for NaCl in aged rats.
The average latencies to peak for NH 4 Cl and NaCl responses in young and aged rats are shown in Table 1 . Average latencies to peak for NH 4 Cl are shown in Table 1 , as there were no significant differences (and small effect sizes) between NH 4 Cl latencies from the beginning to the end of the recording in young [t(6) = −1. As shown in Figure 2A , raw AUC responses to NaCl were significantly less in aged versus young rats [F(1,11) = 5.08, P = 0.045]. With the exception of 0.3 M NaCl, each NaCl stimulus was significantly less in aged rats. The effect size for each comparison, regardless of P value was large: 0.01 M NaCl [F(1, 11) = 11.63, P = 0. As shown in Figure 2B , normalized AUC responses to NaCl were significantly less in aged versus young rats [F(1,11) = 36.96, P = 0.00008]. Notably, each concentration of NaCl was significantly less in aged rats, and the effect size for each comparison was large: Peak and tonic responses Comparisons were made at each concentration and statistically significant (*P < 0.05) difference between ages at that concentration. The effect size (d) for each comparison can be found in the Results section. Age has no effect on the response latency or latency to peak. Age significantly decreases the slope of 0.01 and 0.03 M NaCl responses.
AUC responses
Average peak responses to NH 4 Cl are shown in Figure 3A , as there were no significant differences (and very small effect sizes) between NH 4 Cl responses from the beginning to the end of the recording in young [t(6) = −0.24, P = 0.816, d = 0.01] and aged [t(5) = 0.45, P = 0.702, d = 0.03] rats. Average (raw) peak responses to NH 4 Cl were not significantly different between aged and young rats with a medium sized effect [t(11) = 1.10, P = 0.296, d = 0.6]. Compared to young rats, average (raw) peak responses to NH 4 Cl in aged rats decreased by 34%.
As shown in Figure 3A , raw peak responses to NaCl were significantly less in aged versus young rats [F(1,11) = 5.03, P = 0.046]. Responses to 0.01 and 0.03 M NaCl were significantly less in aged rats, whereas responses to 0.1 and 0.3 M responses were not significantly different. However, the effect size for each comparison, regardless of P value was large: 0.01 M NaCl [F(1, 11) = 8. Compared to young rats, raw peak responses to NaCl in aged rats were 83% less at 0.01 M, 64% less at 0.03 M, 58% less at 0.1 M, and 52% less at 0.3 M. Figure 3B shows peak NaCl responses normalized to 0.3 M NH 4 Cl. As shown in Figure 3B , normalized peak responses to NaCl were significantly less in aged versus young rats [F(1,11) = 32.53, P = 0.0001]. Notably, unlike raw peak responses, each concentration of NaCl was significantly less in aged rats, and the effect size for each comparison was large: 0.01 M NaCl [F(1, 11) = 38.90, P = 0.00006, d The slope of responses (peak responses/latency to peak) for NH 4 Cl and NaCl are shown in Table 1 . Average slopes for NH 4 Cl are shown in the table, as there were no significant differences (and very small effect sizes) between slopes for NH 4 Cl from the beginning to end of the recording in young [t(6) = 0.93, P = 0.388, d = 0.1] and aged [t(5) = −0.05, P = 0.960, d = 0.01] rats. Average slopes to NH 4 Cl were not significantly different between aged and young rats with a medium sized effect [t(11) = 0.985, P = 0.346, d = 0.6]. Compared to young rats, the slope of NH 4 Cl in aged rats was 30% less. Average slopes for NaCl were significantly different between aged and young rats [F(1,11) = 5.01, P = 0.047]. As with raw peak responses, slopes 0.01 and 0.03 M NaCl were significantly less in aged rats, whereas responses to 0.1 and 0.3 M responses were not significantly different. However, the effect size for each comparison, regardless of P value was large: 0.01 M NaCl [F(1, 11) = 8. Figure 3C shows raw tonic responses to NH 4 Cl and NaCl. Average raw-tonic responses to NH 4 Cl are shown in Figure 3C , as there were no significant differences (and very small effect sizes) between NH 4 Cl responses from the beginning to the end of the recording in young [t(6) = 1.96, P = 0.100, d = 0.2] and aged [t(5) = −1.83, P = 0.128, d = 0.1] rats. Average (raw) tonic responses to NH 4 Cl were not significantly different between aged and young rats with a medium sized effect [t(11) = 1.18, P = 0.261, d = 0.7]. Compared to young rats, average (raw) tonic responses to NH 4 Cl in aged rats decreased by 39%.
Tonic responses
Raw-tonic responses to NaCl (shown in Figure 3C ) were not significantly less in aged versus young rats [F(1,11) = 4.54, P = 0.056], but the P value approached significance. There was a significant interaction between concentration and age [F(1,11) = 4.08, P = 0.014], so we ran contrast tests for each NaCl concentration. Although the responses to NaCl were not significantly different at each concentration, the effect size for each comparison, regardless of P value was large: 0.01 M NaCl [F(1, 11) = 4. Compared to young rats, raw tonic responses to NaCl in aged rats were 77% less at 0.01 M, 67% less at 0.03 M, 62% less at 0.1 M, and 65% less at 0.3 M. Figure 3D shows tonic-NaCl responses normalized to 0.3 M NH 4 Cl. As shown in Figure 3D , normalized tonic responses to NaCl were significantly less in aged versus young rats [F(1,11) = 15.39, P = 0.002]. Notably, unlike raw tonic responses, each concentration 
Scanning electron microscopy
Examples of papillae are shown in Figure 4 . All analyzed papillae were located on the anterior 4 mm of the tongue. About 454 fungiform papillae were imaged from the 3 groups of rats (young = 219; aged 1 = 127; aged 2 = 108). The vast majority of fungiform papillae contained a single taste pore, consistent with the literature (Fish et al. 1944 ), but in a few cases (n = 6) we saw multiple pores (2-3) on taste papillae. Because these were rare, and beyond the scope of the study, we did not present or analyze them. The number of papillae per selected 5 mm 2 was the same for all groups [F(2,22) = 1.4, P = 0.270]. Overall, aging had a significant effect on the prevalence of each morphological characteristic (rim, hillock, pore, and open pore) of fungiform papillae.
Rim
Age had a significant effect on the percentage of fungiform papillae that contained a rim [F(2,20) = 40.60, P = 0.0000001]. In each group, most papillae had a rim ( Figure 5A ). However, the presence of a rim in papillae of young rats was significantly greater than those in aged 1 rats, and the effect size was large [F(1,20 
Hillock
Age had a significant effect on the percentage of papillae that contained a hillock [F(2,20) = 8.46, P = 0.002]. The hillock was the least persistent characteristic of the papillae ( Figure 5B ). The presence of a hillock in papillae in young rats was greater than those in aged 1 rats, and the effect size was large [F(1,20) = 8.46, P = 0.009, d = 1.5]. Additionally, the presence of a hillock in papillae of young rats was significantly greater than those in aged 2 rats, and the effect (B) . Notice that normalizing the data produces significance at each concentration and less variance. There was no group effect of age in the raw tonic responses (A) even though the effect sizes are large; however, there was a statistically significant interaction (age × concentration). Normalized tonic responses are significantly larger in young versus aged rats, and with less variance (D). Comparisons were made at each concentration and * = statistically significant (P < 0.05) difference between ages at that concentration. The effect size (d) for each comparison is above the compared groups.
size was large [F(1,20) = 13.99, P = 0.001, d = 2.2]. Lastly, the presence of a hillock in papillae of aged 1 rats was not significantly different than aged 2 rats, and the effect size was medium [F(1,20) 
Presence of taste pore
Age had a significant effect on the percentage of papillae that contained a pore [F(2,20) = 12.06, P = 0.0004]. In each group, most papillae contained a pore ( Figure 5C ). The presence of a pore in papillae in young rats was not significantly greater than those in aged 1 rats, but the effect size was large [F(1,20) = 3.74, P = 0.068, d = 1.0]. However, the presence of a pore in papillae of young rats was significantly greater than those in aged 2 rats, and the effect size was large [F(1,20) = 24.06, P = 0.00009, d = 2.8]. Lastly, the presence of a pore in papillae of aged 1 rats was significantly different than aged 2 rats, and the effect size was large [F(1,20) = 8.54,
Presence of an open pore 
Discussion
The purpose of this study was to investigate the effects of aging on CT-nerve responses to salt and how these responses were associated with changes in morphological features of fungiform papillae in the Sprague-Dawley rat, a model system for salt taste. A previous study showed that tonic responses (quantified 10-15 s after stimulus onset) to NaCl in Fischer 344 rats decreased relative to NH 4 Cl (normalized) at 24 and 30 months of age (McBride and Mistretta 1986) . Furthermore, McBride and Mistretta (1986) found that while . Papillae from aged 1 (E-H) rats typically lack a hillock (F, G, and H). (E) is a good example of a papillae in an aged 1 rat that has an obvious open pore, hillock, and rim. The pore in (G) is closed (slight indentation) but present (long arrow; CP), while (H) has an absent pore (long arrow; AP). Papillae from aged 2 (I-L) rats also typically lack a hillock (J, K, L). Open pores in aged 2 rats were narrow (I, J; long arrow; OP). A closed but present pore is evident in K (long arrow, CP). The pore in (L) is absent (long arrow, AP). FP = filiform papilla. All scale bars indicate 10 µm.
raw-tonic responses (not normalized to a standard stimulus) to NH 4 Cl did not significantly change with age, raw-tonic responses to NaCl decreased with age by as much as 25%. Another report showed that raw-peak CT responses to NaCl were significantly attenuated in aged Stroke-Prone Spontaneously Hypertensive Rats (SHR-SP strain) (Osada et al. 2003) .
In contrast, a recent study in Sprague-Dawley rats showed that CT-nerve responses (30-s taste responses: entire 30 s quantified) to a single concentration of NaCl (0.1 M) did not differ between young and aged rats (Inui-Yamamoto et al. 2017) . Additionally, a recent study in mice (Narukawa et al. 2017) reported that NaCl responses through the amiloride-sensitive pathway (presumably ENaC mediated) increased in aged mice (relative to NH 4 Cl); however they reported no changes in ENaC expression. It is noteworthy that each of these of studies used different rat strains or rodent species (mice), and there is a dearth of research for any given strain or rodent species. Furthermore, each of the studies used different experimental methodology for delivering taste solutions, and have different ways of analyzing CT-nerve responses. We have expanded on these findings by delivering taste solutions to the tongue at a constant flow rate and temperature (35°C-lingual surface temperature; Green 1984) via an automated flow system, and analyzed several response characteristics (via Spike2) to provide a more complete picture of how CT responses to salts change with age. We found that raw 5-s responses (AUC), normalized 5-s responses (AUC), raw peak, normalized peak, normalized tonic, and slope of CT-nerve responses to NaCl in aged Sprague-Dawley rats significantly decrease with age. Importantly, the effect sizes (d) for each response component (regardless of P value) were large, thereby supporting the notion that taste sensitivity to NaCl decreases with age. In contrast, none of the response components for NH 4 Cl that we measured were significantly different between young and aged rats. However, the medium effect sizes indicate that there is a tendency for NH 4 Cl responses to decrease with age. A novel anatomical finding in the present investigation is that age affects the morphology of fungiform-taste pores. A particular strength of the study is that morphological differences in fungiform papillae with aging were associated with physiological decrements of salt taste from the same cohort of rats. Specifically, several features associated with intact taste papillae, such as the presence of a taste pore, presence of an open pore with a deep channel, a raised hillock surrounding the pore, and a rim of keratinocytes surrounding the hillock (Parks and Whitehead 1998; Sollars et al. 2002) were less common in aged rats. Importantly, although aging attenuates NaCl taste responses in the CT and alters fungiform-pore morphology, we cannot draw the conclusion that the change in fungiform-pore morphology is the only reason for decreased NaCl responses, as NH 4 Cl responses, while reduced, were statistically similar in young and aged rats. It is conceivable, however, that changes in gross structural morphology and function hint that changes might also occur at a molecular (i.e. receptor) level.
Functional significance
Gustatory responses to Na + are developmentally sensitive (Hill et al. 1982; Hill and Bour 1985) . Single-unit recordings from the rat CT have shown that neurons narrowly tuned to Na + salts transduce Na + ions through epithelial sodium channels (ENaCs) (Ninomiya and Funakoshi 1988; Lundy and Contreras 1999; Breza et al. 2010; Contreras 2012a, 2012b) . Interestingly, the NaCl transduction is age dependent (Hill et al. 1982) , as Na + responses increase from birth to approximately 45 days, whereas NH 4 Cl responses are not developmentally sensitive (Hill et al. 1982) . The developmental increase in Na + responses is ENaC dependent, as it was blocked with the ENaC-antagonist amiloride (Hendricks et al. 2000) . Importantly, CT-nerve responses to NH 4 Cl are virtually unaffected by amiloride (Hill and Bour 1985; Lundy and Contreras 1997) . Single-unit recordings have shown that the majority of the CT response to NH 4 Cl is not transduced through narrowly tuned NaCl-specialist neurons (Lundy and Contreras 1999; Breza et al. 2010; Contreras 2012a, 2012b )-rather, it is transduced through broadly tuned acidgeneralist neurons (Breza and Contreras 2012a) .
We chose to investigate the effects of NaCl taste at 14-15 months of age, because McBride and Mistretta (1986) provided a comprehensive analysis of aging on taste responses in the CT nerve at 5-7, 23-25, and 29-30 months, but did not report on whether changes occurred between 8 and 22 months, thereby leaving a 14-month gap. Furthermore, because NaCl responses in several strains of rats are known to decrease with age (Osada et al. 2003) , we decided to use CT-nerve responses to salts (NH 4 Cl and NaCl) as physiological probes to establish that the peripheral-taste system of SpragueDawley rats was changing, before embarking on electron microscopy of fungiform papillae. Under our experimental conditions, NaCl responses were significantly attenuated in aged rats, regardless of whether we normalized the data to a standard (NH 4 Cl).
A single-unit analysis of taste responses in the rat geniculate ganglion (Breza and Contreras 2012b) showed that the phasic responses (which included the peak) to low concentrations of Na + salts are mediated entirely through the narrowly-tuned NaClspecialist neurons that transduce Na + through ENaCs (Lundy and Contreras 1999; Contreras 2012a, 2012b) . Consistent with this notion, conditional deletion of ENaC from mouse-taste cells eliminates the phasic portion of the CT-nerve response to low concentrations of NaCl (Chandrashekar et al. 2010) . In contrast, acid-generalist neurons respond robustly to NH 4 Cl, with pronounced phasic responses (Breza and Contreras, 2012a) . Narrowly tuned NaCl-specialist neurons do not respond robustly to NH 4 Cl and do not exhibit phasic responses to NH 4 Cl, but exhibit robust phasic responses to Na + salts at all concentrations (Breza and Contreras 2012b) .
The phasic response to NaCl is arguably the most important portion for behavioral identification, as rats can identify and discriminate NaCl within 600 ms (Halpern and Tapper 1971) , which is well within the realm of response latencies to NaCl shown in single-unit studies of the CT (Breza et al. 2010; Contreras 2012a, 2012b) . Hill et al. (1982) showed that the response latencies to salts are longer in 14-35-day-old rats, where ion-channel density in the membrane of taste cells is arguably less dense (Hendricks et al. 2000) . The response latencies to NH 4 Cl and NaCl in the current study were not significantly different between young and aged rats. Although there was a tendency for NaCl responses (particularly at lower concentrations) in aged rats to have longer response latencies, there was no indication that latencies to peak (start of neural onset to peak voltage) varied with age. Therefore, changes in the slope of the responses to NaCl with age are likely to be functionally relevant measures of taste.
Under our experimental conditions, the peak (which includes the phasic response) and slope (which also includes the phasic response) of the 2 lowest concentrations of NaCl were significantly reduced in aged rats, implying that the NaCl-specific message carried through NaCl-specialist neurons was particularly affected. ENaC is essential for neurophysiological (Chandrashekar et al. 2010; Breza and Contreras 2012b) and behavioral (Geran and Spector 2000) detection of low Na + concentrations. Although we are not certain whether ENaC sensitivity changes in aged Sprague-Dawley rats, aging does decrease ENaC-mediated NaCl taste in SHR-SP rats (Osada et al. 2003) . These physiological decrements to taste in the SHR-SP rats could be due to changes in blood pressure; however we cannot rule out that changes in NaCl taste sensitivity that we observed in aged Sprague-Dawley rats are independent of changes in blood pressure. Interestingly, Inui-Yamamoto et al. (2017) found that aged rats tended to prefer high concentrations of NaCl, but CT responses to 0.1 M NaCl did not decrease with age. However, Inui-Yamamoto et al. (2017) analyzed CT-nerve responses to taste stimuli over a 30-s period, which would minimize the influence of the phasic response in their measurements. Although the amplitude of raw CT-nerve responses to 0.01 M NaCl in aged rats (current study) were small, these responses were significantly larger than baseline, suggesting that aged rats can still detect NaCl (behaviorally) at this concentration. In our hands, raw-tonic responses did not significantly change with age, but normalized-tonic responses were significantly attenuated with age. The difference between group means for tonic responses was large, but the error associated with raw voltage between recordings reduced statistical power, which is problematic when running conservative analyses (2-way repeated measures ANOVAs with 4 levels in the current study). This is, perhaps, one reason why CT-nerve recordings are normalized to a standard, since many factors unrelated to nerve integrity can affect the raw voltage of whole nerve recordings, some of which are described in McBride and Mistretta (1986) .
Structural significance
By using SEM, we were able to explore the morphology of taste papillae with high resolution, which led to several novel findings. Mistretta and Oakley (1986) found a small (5.3%), but statistically significant decline in the number of taste papillae that contained a taste bud in aged versus young Fischer 344 rats. Interestingly, a more recent data set (He et al. 2012) found a nonsignificant 27% decrease in the number of fungiform taste buds between young and aged Fischer 344 rats. Because the SEM images of fungiform taste pores are only an indirect measurement of taste buds, we cannot be certain that age significantly decreases the number of fungiform taste buds in the Sprague-Dawley rat. Clearly, more research is needed to understand the mechanisms behind morphological changes in fungiform taste pores, and how these changes relate to the presence of taste buds within fungiform papillae.
The principle finding of this study is that the structural morphology of fungiform-taste pores change with age. Indeed, we found significant age-dependent effects on morphological characteristics of fungiform papillae. Specifically, the presence of a taste pore, characterization of an open pore (i.e. open with deep channel), presence of a rim, and the presence of a hillock. In young rats (6 months), the incidence of an absent pore was rare (~10%), similar to previous results (Parks and Whitehead 1998) . Whereas in the oldest group (aged 2 , 26 months), the incidence of an absent pore was quite common (~37%). We were conservative on classifying pores as "open" and suspect that the absolute number of open pores is higher than our quantification. However, the relative percentage of fungiform papillae with open pores reduced with age, from young (~61%), to aged 1 (~49%; 18 months), to aged 2 (~39%). Interestingly, the absent pores and closed pores seen in the present results look like previously reported pores imaged after CT-nerve denervation (Parks and Whitehead 1998) .
The morphological changes alone do not describe the differences seen in NaCl responses of the CT. These changes do, however, occur in parallel, suggesting that the structural and functional integrity of the peripheral-taste system decreases with age. Importantly, structural changes in fungiform papillae are found in aging humans (~60 years old) and are associated with a decreased taste sensitivity (Pavlidis et al. 2013 ). This age group compares well to those of our rats aged 2 (26 months) (Sengupta 2013) . Human-taste sensitivity also correlates with the number of open taste pores (Miller and Reedy 1990) . Additionally, in the rat, the ability to discriminate salts is dependent on the number of open fungiform taste pores (St. John et al. 1995) . In these previous studies, the prevalence of open pores is associated with the sensitivity and discrimination in the taste system. In our study, open pores were associated aging and the magnitude of CT-nerve responses to NaCl. The molecular signaling pathways associated with these changes remain to be elucidated.
Molecular signaling pathways associated with taste buds change with age. For example, Sonic Hedgehog (Shh), which is important for normal fungiform morphology (Mistretta et al. 2003) , is reduced in circumvallate taste bud in 30-month-old rats (Shin et al. 2012; Cai et al. 2014 ) an age similar to our aged 2 group and to humans (>60 years) with altered fungiform papillae and reduced taste sensitivity (Pavlidis et al. 2013) . Additionally, sweet taste receptor T1r3 and alpha-gustducin, a taste specific G protein, are reduced (Cai et al. 2014 ) in aged rats. Lastly, a recent study in mice showed no differences in ENaC expression in fungiform papillae, but reported that ENaC-mediated NaCl responses (amiloride sensitive) from the CT increased (relative to NH 4 Cl) with age (Narukawa et al. 2017) . Identification of proteins and or signaling pathway(s) responsible for these changes will profoundly impact the field and provide clues into the effects of aging on the structure and function of taste. Further studies are needed to conclude whether aging differentially affects amiloride-sensitive or amiloride-insensitive salt pathways in Sprague-Dawley rats. However the maintenance of NH 4 Cl response (amiloride-insensitive) and weak responses to low NaCl concentrations in aged rats, suggests that the amiloride-sensitive portion (ENaC) of the response may attenuate with age.
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